Background: Opponent-process theories of externalizing disorders (ExD) attribute them to some combination of overactive reward processing systems and/or underactive behavior inhibition systems. Reward processing has been indexed by recruitment of incentive-motivational neurocircuitry of the ventral striatum (VS), including nucleus accumbens (NAcc). Methods: We used functional magnetic resonance imaging (fMRI) with an incentive task to determine whether externalizing symptomatology in adolescence is correlated with an enhanced VS recruitment by cues for rewards, or by deliveries of rewards. Twelve community-recruited adolescents with externalizing disorders (AED) and 12 age/ gender-matched controls responded to targets to win or avoid losing $0, $0.20, $1, $5, or an unknown amount (ranging from $0.20 to $5). Results: Cues to respond for rewards activated the NAcc (relative to cues for no incentive), in both subject groups similarly, with greatest NAcc recruitment by cues for the largest reward. Loss-anticipatory NAcc signal increase was detected in a volume-of-interest analysis -but this increase occurred only in trials when subjects hit the target. Relative to controls, AED showed significantly elevated NAcc activation by a linear contrast between reward notification versus notification of failure to win reward. In a post hoc reanalysis, VS and pregenual anterior cingulate activation by the reward versus non-reward outcome contrast also directly correlated with Child Behavior Checklist (CBCL) Externalizing total scores (across all subjects) in lieu of a binary diagnosis. Finally, both groups showed right insula activation by loss notifications (contrasted with avoided losses). Conclusions: Externalizing behavior, whether assessed dimensionally with a questionnaire, or in the form of a diagnostic categorization, is associated with an exaggerated limbic response to outcomes of reward-directed behavior. This could be a neurobiological signature of the behavioral sensitivity to laboratory reward delivery that is characteristic of children with externalizing symptomatology. Of interest is future research on incentive-motivational processing in more severe, clinically referred AED.
Studies of twins reveal a latent, heritable cognitive trait of impulsivity that underlies substance use disorder (SUD), as well as externalizing disorders (ExD) such as attention deficit hyperactivity disorder (ADHD), and especially oppositional defiant disorder (ODD) and conduct disorder (CD) (Button et al., 2006; Kendler, Prescott, Myers, & Neale, 2003; Slutske et al., 1998; Young, Stallings, Corley, Krauter, & Hewitt, 2000) . Critically, this impulsive trait in childhood confers significant risk for future substance use or abuse (King, Iacono, & McGue, 2004; Myers, Brown, & Mott, 1995) . Of interest here is detecting altered functioning of incentive-motivational circuitry in adolescents with externalizing symptomatology, as a potential neurophysiological correlate of this latent endophenotype of impulsivity.
Laboratory studies have suggested that ExD are characterized by some combination of over-sensitivity to reward-associated stimuli, or an under-sensitivity to punishment-associated stimuli (Newman & Wallace, 1993) . For example, adolescents with externalizing symptomatology (such as truancy) preferred a response option with sporadic high rewards but disproportionately large potential losses (Lane & Cherek, 2001) , and persisted in making risky responses following a single payoff of the risky response option, suggesting a disproportionate motivational impact of reward deliveries. Children with ODD or CD also showed persistent rewarddriven perseveration in the face of increasing punishment contingencies (Fonseca & Yule, 1995; Matthys, van Goozen, de Vries, Cohen-Kettenis, & van Engeland, 1998) , and boys with early-onset CD chose a risky response more often following receipt of a small gain, whereas small gains suppressed risky choices in controls (Fairchild et al., 2009) . Moreover, omission of expected rewards elicited increased frustration responses in hyperactive children (Douglas & Parry, 1994) , also suggesting a sensitivity to instrumental behavior outcomes in AED. Finally, adolescent smokers with an ExD (predominantly ODD, and/or CD) smoked more heavily, despite no difference from non-ExD smokers in age of use onset and pattern of acceleration of tobacco use (Aklin, Moolchan, Luckenbaugh, & Ernst, 2009 ), suggesting differences in susceptibility to the rewarding properties of nicotine in ExD.
Collectively, these behavioral responses suggest that rewards are especially salient in adolescents with externalizing disorders (AED). Might this have a neurophysiological signature? Functional magnetic resonance imaging (fMRI) experiments with incentive tasks have emerged as powerful probes of human motivational neurocircuitry. These experiments have shown that: 1) the nucleus accumbens (NAcc; the ventromesial aspect of the ventral striatum (VS)) is recruited by learned cues for instrumental rewards, and 2) mesial frontal cortex (mFC) and NAcc are recruited by notification of rewards (Bjork, Knutson et al., 2004; Knutson, Adams, Fong, & Hommer, 2001; Knutson, Fong, Adams, Varner, & Hommer, 2001; Knutson, Taylor, Kaufman, Peterson, & Glover, 2005) .
Incentive-motivational processing in AED, however, has been virtually unexplored. Rubia et al. (2009) compared fMRI activation between incentivized versus non-incentivized trials of a continuous performance test, and reported that boys with CD showed a relative underactivation of right orbitofrontal cortex compared to controls. Gatzke-Kopp et al. (2009) reported that an admixed sample of AED (predominantly ADHD) showed a more consistent striatal recruitment between blocks with and without monetary rewards for successful responses in a simple discrimination task. However, these studies used block designs which are incapable of distinguishing instrumental response anticipation from outcome notification. Using the monetary incentive delay (MID) task with event-related analysis, adolescents (Scheres, Milham, Knutson, & Castellanos, 2007) and adults (Strohle et al., 2008) with ADHD showed blunted reward-anticipatory activation in the VS.
Stimulant (Ricaurte et al., 2005; Rosa-Neto et al., 2005) , antipsychotic (Frankle & Laruelle, 2002) and anti-convulsive (Yatham et al., 2002) medications for externalizing symptoms each alter dopaminergic neurocircuitry implicated in motivational processing. We therefore scanned medication-free, community-recruited AED (predominantly CD or ODD) while they performed a variant of the MID task, and compared their activation with age-and gendermatched controls. We hypothesized that AED characterized more by rule violations would show an exaggerated mesolimbic response to reward cues or deliveries.
Method
All recruitment, informed consent, and testing procedures were approved by the Institutional Review Board of the National Institute on Alcohol Abuse and Alcoholism (NIAAA).
Subjects
Each subject was recruited using public advertisements and underwent screening along with a parent, where the parent provided information on the medical and psychiatric symptomatology of the adolescent. Subjects were right-handed, with no evidence of medical problems in medical history interviews, physician examination, or clinical chemistry panel. Axis I disorders were classified using both self-report and parent interviews with the structured Diagnostic Interview for Children and Adolescents (DICA; Reich, 2000) for DSM-IV. History of psychotic or affective disorders was exclusionary. All subjects produced negative urine drug screens and negative breath-alcohol readings.
AED (n = 12; age 13-17, mean 15.4 ± 1.4; 9 males) each met DSM-IV criteria for either ODD (n = 6), ADHD (n = 1), CD (n = 3), or comorbid ODD+ADHD (n = 2). Age-and gender-matched adolescent controls (n = 12; age 13-17, mean 15.3 ± 1.4; 9 males) had no lifetime history of any psychiatric disorder or psychotropic medication therapy. Eight AED had been seen by a mental health professional for behavior problems in the past. Each of these subjects had also been prescribed psychotropic medication, but were medication-free > 1 month prior to scanning. Each adolescent and his/ her informant also completed the computerized Child Behavior Checklist (CBCL; Achenbach, 1991) . To maximize sensitivity, we analyzed the higher of the parent-versus self-reported externalizing and internalizing total scores. Total scores were used because they represented the closest analogue to the raw symptom counts utilized in DSM-IV diagnostic classification.
Monetary incentive delay (MID) task
Using a head coil mirror, subjects viewed task stimuli on a screen at the foot of the scanner bed. Trials were contiguous, pseudorandomly presented, and 6 s in duration. Each trial consisted of: cue presentation, anticipatory delay, target presentation, and successdependent feedback (Figure 1) . First, one of nine cue shapes was presented for 250 msec. Circle-shaped cues signaled that if the subject responded during the subsequent target presentation, he or she would win either 20¢ (18 trials), $1 (18 trials), $5 (18 trials) or a variable amount ranging from 20¢ to $5 (6 trials each with 20¢, $1 or $5 reward) for pressing a button during target presentation. Similarly, square-shaped cues signaled the possibility of losing either 20¢, $1, $5 (18 trials each) or a variable amount from 20¢ to $5 (6 trials each with 20¢, $1 or $5 loss) if the trial target was missed. Non-incentive trials (n = 36; triangle cue) were also presented as a visuomotor control condition, where subjects were instructed to respond to the target, but that trial outcomes would not alter winnings. Each cue was replaced by a crosshair for 2000-2500 msec. Then, a white target square was presented for a varying length of time (180-280 msec). Trials were coded successful if a press was registered during target presentation. The trial then concluded with feedback (1650 msec) of whether money was won or lost during that trial, in tandem with cumulative task earnings.
Prior to scanning, subjects were shown an envelope containing the cash they could earn, and were read a script which defined the consequences signaled by each of the nine anticipatory cues. Then, during an offline practice session, reaction times to targets were covertly measured, and a distribution of target presentation durations was set for the scanning task such that each participant would succeed on 66% of trials. The MID task scan was followed by a structural scan for anatomical colocalization, during which subjects used the response box to rate (scale 1-4) how 'excited,' 'happy,' 'fearful,' and 'unhappy' they felt when they saw each of the task cues. Subjects were then paid their task earnings plus $80 standard compensation.
FMRI acquisition
Subjects were scanned with a 3 Tesla MRI scanner (General Electric, Milwaukee, WI) using a quadrature head coil. Functional scans were acquired using a T2*-sensitive echoplanar sequence with a repetition time (TR) = 2000 msec, echo time (TE) = 40 msec, flip = 90°. To focus on the NAcc and ventromesial frontal cortex with greater spatial precision, we collected 24 2.0-mmthick contiguous axial slices. Slices were acquired interleaved, from the base of the mFC superiorly to the apex of the corpus callosum. In-plane resolution was 3.75 · 3.75 mm. Structural scans were acquired using a T1*-weighted sequence (TR, 100 msec; TE, 7 msec; flip, 90°). Each subject's head was restrained with a Vacu-Fix System deflatable cushion (S&S X-Ray Products, Inc., Houston, TX).
FMRI analysis
Blood oxygen-level dependent (BOLD) signal was analyzed using Analysis of Functional Neural Images (AFNI) software (Cox, 1996) . Briefly, individual time-series datasets were corrected for head motion and preprocessed with bandpass filtration. Datasets were modeled with canonical gammavariate functions time-locked to anticipatory cues and trial outcome notifications. This analysis centered on the four area-under-curve linear contrasts of signal change (hereafter 'contrasts') typically calculated for the MID task: 1) all reward vs. nonincentive anticipatory cues, 2) all loss vs. non-incentive anticipatory cues, 3) gain vs. non-gain outcomes in the reward trials, and 4) loss vs. non-loss outcomes in loss trials. Groupwise and group-difference maps were calculated in AFNI using recently developed software to calculate a linear mixed-effects multilevel model for each contrast, using a calculation resistant to the idiosyncratic sampling errors of individual-subject responses. Activations are reported where voxel-wise significance was controlled by the false discovery rate (FDR) to q £ .05. Full details are in Supplemental Methods.
Behavior analysis
We performed mixed-model analyses of variance of affective ratings, hit rates, and reaction times (RT) each as the dependent variable, with incentive magnitude (5 levels: 0, 20¢, $1, and $5, and variable) as the withinsubject factor and group (2 levels: AED and control) as the between-subject factor.
Results
Questionnaire measures and task behavior AED scored significantly higher than controls on both internalizing and externalizing raw scores of the CBCL, with no overlap in score distributions (Table 1) . CBCL-externalizing and CBCL-internalizing total scores were also highly correlated withinsubject (n = 24 for correlations unless otherwise indicated; Spearman r = .85, p < .0001). Controls and AED performed similarly on the MID task. Subjects showed faster RT to incentivized versus non-incentive targets, resulting in a main effect of incentive magnitude on reaction time (RT) across both reward (F(3,66) = 6.430, p < .001) and lossavoidance (F(3,66) = 4.672, p < .01) trial types, with no main or interactive effects of subject group. Across both reward and loss-avoidance trials, there were no main or interactive effects of incentive magnitude, incentive valence (gains vs. losses) or 
Target
Anticipatory cues:
Monetary incentive delay (MID) task Six-second trials were contiguously presented in two, 9.5-minute runs. In each trial, the subject saw one of nine cues indicating the opportunity to either win money (circle series), avoid losing money (square series), or win/lose no money (triangle) by pressing a button while a white square target was presented on the screen a moment later. The subject then saw feedback of whether he or she hit the target, as well as cumulative earnings for that run subject group on target hit rates or on rates of failure to respond to the target. Due to hardware malfunction, computerized mood questionnaire responses were not recorded from three subjects. A main effect of group indicated greater happiness (F(1,19) = 6.627, p < .05) and excitement (F(3,53) = 4.512, p < .05) upon seeing anticipatory cues in AED compared to controls (across all incentive magnitudes; Table 1 ). There were significant main effects of incentive magnitude on each of the four affective ratings, where participants reported greater happiness (F(3,53) = 12.465, p < .0001) and excitement (F(3,57) = 16.465, p < .0001) as potential reward amounts increased, and also reported greater unhappiness (F(3,57) = 3.711, p < .05) and fearfulness (F(3,57) = 14.437, p < .0001) as potential loss amounts increased, with no interaction effects of group. Motion-correction output indicated that no participant's head moved more than 1.5 mm between volumes or more than 3 mm overall.
Statistical maps
Anticipatory activation. Anticipation of responding for rewards (versus non-incentive) activated NAcc bilaterally in both controls and AED (Table 2; Figure 2 ). Additional activations by this contrast were found in putamen, thalamus and orbitofrontal cortex in both groups. Anticipation of responding to avoid losses versus anticipation of responding for non-incentive did not activate any brain region in either subject group. There were no significant group differences in anticipatory activation.
Outcome-elicited activation. Both in controls and in AED, the contrast between notifications of reward versus notifications of failure to win reward in reward trials activated the mFC and VS (including NAcc) bilaterally (Table 2; Figure 3) , with significantly greater VS and pregenual anterior cingulate cortex (ACC) activation in AED compared to controls. Notification of losses (contrasted with notification of avoided losses) activated right anterior insula in both controls and in AED (Table 2; Figure 3 ). To determine whether reward-outcome contrast-elicited activation in the VS and ACC also correlated with a dimensional measure of externalizing symptomatology, data were reanalyzed in a mixed-model voxel-wise ANOVA, where CBCLexternalizing total scores were substituted into the model in place of diagnosis, controlling for age. This too indicated a positive partial correlation between CBCL-externalizing scores and activation (Supplemental Figure 1) . We explored whether the increased rewardoutcome contrast-elicited NAcc activation in AED was driven by greater NAcc activation by reward notifications, or a greater NAcc deactivation by nonreward notifications (see Supplemental Methods). Voxel-wise correlations between externalizing behavior and activation by each of successful and unsuccessful reward trial notifications (considered singly, not in a contrast) indicated a combination of the two. At a relaxed threshold, externalizing symptomatology showed a significant correlation with VS activation by reward notification events as well as a significant correlation with VS deactivation by non-reward notification events. This was true both in dichotomous comparisons between AED and controls (Supplemental Figure 2) , and across all subjects, when externalizing symptomatology was measured by CBCL-externalizing scores (Supplemental Figure 3) . 
Volume-of-interest (VOI) analyses
We further characterized anticipatory BOLD signal change in a volume of interest (VOI) analysis to determine whether individual differences in signal change directly correlated with self-reported mood elicited by the anticipatory cues. Trial-type-averaged hemodynamic responses were assessed in customdrawn masks that encompassed each of the left and right NAcc. Incentive-anticipatory signal change was calculated as net peak signal increase (6 s lag) relative to signal change in non-incentive trials, and was analyzed as a dependent variable in an omnibus, 4-way mixed-model analysis of variance (ANOVA) across the left and right NAcc masks (see Supplemental Methods).
Anticipatory signal change in nucleus accumbens VOI. There were no trends for main or interactive effects of subject group or side (left vs. right) on NAcc signal change. There were significant main effects of incentive valence (obtain gain or avoid loss) (F(1,22) = 8.823, p < .01), incentive magnitude (F(1,22) = 3.759, p < .05), and trial outcome (success or failure) (F(1,22) = 6.644, p < .05) on the net peak BOLD signal increase (Figures 4 and 5) . Anticipatory responses in NAcc were greater during reward trials compared to loss-avoidance trials, in high-magnitude incentive trials versus low-magnitude trials, and in trials when subjects ultimately hit the target compared to trials with misses. The interaction effect of valence · outcome was significant (F(1,22) = 7.391, p < .05), with a significant effect of outcome in lossavoidance trials (F(1,22) = 11.393, p < .01), but not in reward trials (F(1,22) = .001, p = .97). Analysis of successful loss-avoidance trials only indicated a significant main effect of potential loss magnitude (F(3,66) = 3.955, p < .05), but no main or interaction effects of subject group (p > .70). In sum, anticipation of incentives generally increased NAcc activation relative to non-incentives prior to successful target hits in both groups, but NAcc recruitment was incentive magnitude-sensitive only in gain trials.
NAcc activation and psychometric measures. In the 21 subjects from whom we collected mood data, we assessed the independent effects of: 1) general externalizing symptomatology, and 2) individual differences in excitement about the task itself (simultaneous independent variables) on how robustly the NAcc responded to cues for rewards (as the dependent variable). This analysis was limited to data extracted from successful trials. In a multiple regression analysis, the NAcc signal change elicited by anticipation of maximum ($5) reward (as a net change relative to that elicited by the non-incentive) showed a significant positive correlation with net reward-related excitement Figure 4 Reward cue-elicited peak signal change in nucleus accumbens VOI Trial-type-averaged time series data were extracted from a mask custom-drawn for each subject in the nucleus accumbens (NAcc;center). Peak anticipatory signal occurred 6 s after cue presentation. NAcc recruitment increased with incentive magnitude in both controls (upper-most graphs), and in adolescents with externalizing disorders (AED; lower graphs). Analysis of variance across all trial magnitudes indicated that signal change did not significantly differ between trials when the subject did (solid bars) or did not (empty bars) hit the target (ANOVA p = .97). There were no main or interactive effects of subject group on reward-anticipatory NAcc signal change. ** denotes p < .05 per simple-effect two-tailed paired t-test Beta = .56, p < .01; right: r = .42, p < .10). Bivariate rank-order correlation between net excitement and net NAcc activation showed the same pattern (left NAcc: Spearman r = .49, p < .05; right NAcc: r = .38, p < .10). Conversely, CBCL-externalizing scores did not show a significant correlation with net reward-anticipatory signal change -either in bivariate correlation or in a multiple regression (after controlling for self-reported excitement).
Discussion
AED did not differ from controls in VS recruitment by reward-anticipatory cues. Rather, AED showed greater VS activation by the contrast between receiving versus not receiving rewards in reward trials. Reward (hit) and non-reward (miss) notifications in reward trials, when analyzed separately, indicted that the group difference in the contrast activation resulted from both greater VS activation by reward notifications in AED as well as greater VS deactivation by non-reward notifications in AED. Substituting CBCL-externalizing scale scores for the dichotomous ExD diagnosis also revealed a direct voxelwise correlation between externalizing symptomatology and reward-outcome-elicited activation. It appears, then, that the motivational neurocircuitry of AED with predominantly ODD/ CD symptomatology is more sensitive to instrumental reward trial outcomes, but there were no significant group differences in response-anticipatory activation. 1 Finally, loss notifications activated right anterior insula in both groups. This is consistent with previous data implicating anterior insula in the mental representation of affective reactions during incentive tasks (Paulus, Rogalsky, Simmons, Feinstein, & Stein, 2003) . Loss-avoidance cue-elicited peak signal change in nucleus accumbens VOI Trial-type-averaged time series data were extracted from a mask custom-drawn for each subject in the nucleus accumbens (NAcc; center). Peak anticipatory signal occurred 6 s after cue presentation. NAcc recruitment did not increase with incentive magnitude in either controls (upper-most graphs) or in adolescents with an externalizing disorder (AED; lower graphs). Analysis of variance across all trial magnitudes indicated that signal change was significantly blunted in trials when the subject did not hit the target (empty bars) relative to successful trials (solid bars)(ANOVA p < .01). There were no main or interactive effects of subject group on loss-anticipatory peak NAcc signal change. * denotes p < .10 and ** denotes p < .05 per simple-effect two-tailed paired t-test Figure 6 Relationship between NAcc signal change and psychometric measures After controlling for Child Behavior Checklist (CBCL) externalizing total scores, individual differences in net reward-related signal change partially correlated with subjects' self-report ratings of net 'excitement' at seeing the cue for maximum reward in the left nucleus accumbens (NAcc) (A), with a trend in the right NAcc (B). Solid circles denote adolescents with externalizing disorders (AED). Hollow squares denote controls
As with previous experiments (Bjork, Hommer, Grant, & Danube, 2004; Bjork, Smith, & Hommer, 2008; Knutson, Adams et al., 2001) , BOLD signal change in a NAcc VOI correlated with individual differences in self-reported excitement upon seeing the high-reward-predictive cue. Interestingly, the VOI analysis also revealed that anticipatory NAcc activation by prospective losses was evident in successful trials only. Conversely, anticipatory NAcc activation by prospective gains was similar during both successful and unsuccessful trials. This suggests that in adolescents, the NAcc is more consistently recruited across trials by the prospect of winning rewards than by the prospect of avoiding losses.
The greater NAcc and ACC activation by notification of rewards in the AED may be a neurophysiological reflection of how externalizing children show greater behavioral sensitivity to gains in laboratory decision tasks (Lane & Cherek, 2001; Matthys et al., 1998; Matthys, van Goozen, Snoek, & van Engeland, 2004) and is possibly a manifestation or underpinning of a heritable, generalized behavioral risk factor for SUD (Giancola & Moss, 1998) identified in large-scale twin (Iacono, Carlson, Taylor, Elkins, & McGue, 1999; Slutske et al., 1998 Slutske et al., , 2002 Young et al., 2000) and longitudinal (Clark, Kirisci, & Moss, 1998) studies. Interestingly, the exaggerated VS activation by the reward versus non-reward outcome contrast in AED seen here is similar to that of adults with SUD (Bjork et al., 2008) .
We did not replicate the VS deficit in rewardanticipation activation previously reported in adolescents (Scheres et al., 2007) and adults (Strohle et al., 2008) with ADHD. In contrast, we replicated findings of more prominent mesofrontal cortex activation by reward vs. non-reward notifications in adults with ADHD (Strohle et al., 2008) . We posit that the key difference was that our subjects primarily had ODD or CD with additional subclinical internalizing symptoms. In contrast, a population selected primarily for 'cold-cognitive' attentional decrements may be more vulnerable to reduced VS response to reward anticipation in the MID, because it requires intense vigilance.
This study has several limitations. First, the AED were diagnostically mixed, reflecting the common co-occurrence of ADHD, ODD and CD, thus compromising syndrome specificity. However, we also included a dimensional approach in addition to binary diagnostic classification. Second, the sample size is modest. However, it nonetheless revealed both a significant group difference in NAcc activation by the reward notification contrast, and no trend toward a group difference in Nacc recruitment by anticipatory cues (to warrant additional subject recruitment). Third, the lack of anticipation-related activation differences may have resulted from our use of a community-recruited sample of AED. Although this mitigated medication confounds, a clinically referred sample with severe symptomatology might show more activation differences. Fourth, while the scanning range of this study provided fine spatial resolution in the NAcc and the ventral mFC, it missed potential taskelicited activations in superior cerebrum. Finally, although applicants who met lifetime criteria for an affective disorder were excluded, AED also had significantly elevated internalizing symptoms, as is reported in an epidemiological study (Boylan, Vaillancourt, Boyle, & Szatmari, 2007) . We note, however, that in an exploratory analysis where CBCL-internalizing total scores were substituted for externalizing scores, there were no significant voxelwise correlations.
In conclusion, this experiment provides evidence that adolescents characterized by clinically significant externalizing behavior symptomatology show an exaggerated response of mesolimbic incentive neurocircuitry to reward notifications. Future studies should explore incentive neurocircuitry in more severe cases, and whether deviant mesolimbic incentive processing in early adolescence portends subsequent SUD.
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